Single crystal of CeMg 12 is obtained by Bridgman method. CeMg 12 crystallizes in the tetragonal structure with space group I4/mmm (#139). The Laue pattern confirms the tetragonal crystal structure of CeMg 12 . We have studied the magnetic properties by measuring magnetic susceptibility, magnetization, heat capacity and electrical transport. Specific heat measurement shows that the compound orders at 1.2 K. We have measured the magnetic susceptibility in the temperature range 1.8 to 300 K, and the susceptibility data show that [100] crystallographic direction is the easy axis of magnetization. At high temperature inverse susceptibility varies linearly with temperature, and follows the Curie-Weiss behaviour. The effective moment is close to the free ion value thus indicating Ce is in trivalent state in this compound.
Introduction
The 4f electrons in the rare-earth based intermetallic compounds exhibit a wide range of magnetic properties and hence these compounds have been studied quite extensively. Due to the vicinity of f level and Fermi surface, the Ce-based intermetallic compounds are known to exhibit a variety of interesting properties apart from the usual trivalent behaviour, such as mixed valent, heavy fermion, Kondo lattice etc. Most interestingly, the Ce-based intermetallic compound often exhibit quantum phase transition which is tuned by means of hydrostatic pressure, chemical doping or magnetic field. These behaviors arise in Ce compounds due to the competing interaction between the RudermanKittel-Kasuya-Yosida (RKKY) interaction and the Kondo effect. A magnetic or non-magnetic ground state appears at low temperature depending on the strength of the exchange interaction J cf between the conduction electron (c) and f electron. A magnetic ground state appears by the conduction electron mediated indirect exchange interaction between 4f electron moments, when the RKKY interaction is dominant. Single crystals are often preferred to probe the magnetic properties due to their superior crystalline order. Recently, we have been investigating the Ce-based binary compounds by growing them in single crystalline form [1, 2] . Like for example, we have grown the single crystal of the cubic compound CeMg 3 which is a heavy fermion antiferromagnet with a Néel temperature (T N ) of 2.6 K. The electrical resistivity of CeMg 3 exhibited −ln(T) behaviour and the magnetization measurement revealed a reduced magnetic moment thus suggesting CeMg 3 as a heavy fermion Kondo lattice system. The crystal field calculations on CeMg 3 revealed that the ground state is a Γ 7 doublet and the excited quartet state was separated by about 190 K. An estimate of Kondo temperature (T K ) was made from the heat capacity data of CeMg 3 and it was found to be 3.6 K which is of the same order as that of the T N . In continuation to our studies on the Ce-Mg compounds, we report here on the crystal growth and anisotropic magnetic properties of magnesium rich CeMg 12 compound.
Experiment
The binary phase diagram of Ce and Mg has been investigated by Nayeb-hasehmi and Clark [3] and reported six different stable compounds of Ce and Mg, of which CeMg 3 and CeMg 12 melt congruently. Due to the high vapor pressure of Mg, we have adopted Bridgman method in protected molybdenum crucible to grow the single crystal of CeMg 12 . High pure metals of Ce (99.9%) and Mg (99.99%) were taken in the stoichiometric ratio of 1:12, with a little excess of Mg, in a sharp tipped alumina crucible and sealed in a molybdenum tube in argon atmosphere. The molybdenum tube was then subsequently sealed in a quartz ampoule, in a vacuum of 10 −6 Torr, to prevent the oxidation of molybdenum crucible at high temperature. The sealed quartz ampoule was loaded into a box type furnace. The temperature of the furnace was then raised to 800 • C and held at this temperature for 24 hours. Then the furnace was cooled down rapidly down to 630 • C, followed by a very slow cooling rate of 1 • C/hr down to 580 • C, finally the furnace was switched off to cool down to room temperature. Bulk shiny single crystals were obtained by gently taping the alumina crucible. The phase purity of the sample was checked by means of powder x-ray diffraction (XRD) using monochromatic Cu-K α radiation with wavelength 1.5406Å. The XRD pattern showed that the sample is phase pure and possesses the space group I4/mmm. There were few impurity peaks corresponding to some unreacted Mg. The lattice constants were estimated to be a = 10.332Å and c = 5.961Å which matches well with the previous structural report [4] . The unit cell volume is 636.35Å 3 and the nearest Ce − Ce distance is 5.961Å. The crystals were oriented along the two principal crystallographic directions viz., along [100] and [001] directions by means of Laue diffraction. Well defined Laue diffraction spots together with the four fold symmetry confirmed the tetragonal crystal structure and the good quality of the sample. We have also confirmed the stoichiometry of the grown single crystals by performing an energy dispersive analysis by x-ray (EDAX).
Results and Discussion

Heat Capacity
The temperature dependence of specific heat capacity measured in a Quantum Design physical property measurement system (PPMS), in the temperature range from 0.05 to 10 K is shown in Fig. 1 . It is evident from the figure that a huge jump in the specific heat is observed at 1.2 K suggesting a bulk magnetic ordering T ord in CeMg 12 . The jump in the specific heat is broad thus signalling a short range magnetic order above the T ord . The inset shows the low temperature part of the C/T versus T 2 plot. An estimation of the Sommerfeld coefficient γ was made by the linear extrapolation of the C/T versus T 2 plot. The obtained γ value is 360 mJ/K 2 mol. Although the γ value is large, since the magnetic ordering temperature is at 1.2 K and the crystal field split first excited state (to be discussed later) is at 30 K, one cannot claim this compound to be a heavy fermion compound. We could not calculate the magnetic entropy as we did not have the non-magnetic analogue of CeMg 12 to subtract the phonon contribution.
Electrical Resistivity
The temperature dependence of electrical resistivity, measured in the temperature range from 1.8 to 300 K is shown in Fig. 2 . As it is evidenced from the figure, there is a large anisotropy in the resistivity when the current is passed along the [100] and [001] direction. Since the resistivity was measured down only to 1.8 K, the magnetic ordering observed at 1.2 K is not seen in the resistivity. The electrical resistivity decreases with decreasing temperature showing a metallic behaviour. A broad hump centered around 100 K is seen in the electrical resistivity, indicating the thermal population of the excited levels of the 2J +1 crystal field levels. Our crystal field calculation, to be discussed later, confirms this. No signature of Kondo effect is observed at low temperature. 
Magnetic susceptibility and magnetization
The temperature dependence of magnetic susceptibility of CeMg 12 measured in the range from 1.8 to 300 K in an applied magnetic field of 1 kOe along the two principal crystallographic directions is shown in Fig. 3(a) . There is a large anisotropy in the magnetic susceptibility reflecting the tetragonal crystal structure. The magnetic susceptibility along the [100] direction is larger than along the [001] direction, thus indicating that [100] direction is the easy axis of magnetization. Figure 3(b) shows the inverse susceptibility plot. At high temperature, in the range 100 to 300 K the susceptibility obeys the modified Curie-Weiss law χ = χ 0 + C/(T − θ p ), where χ 0 is the temperature-independent part of the magnetic susceptibility and C is the Curie constant. The main contributions to χ 0 include the core-electron diamagnetism and the susceptibility of the conduction electrons. [100] increases more rapidly than along the [001] direction. For fields greater than 35 kOe, the magnetization shows some spin re-orientation, in spite of the fact that the magnetization measurement was done at 1.8 K, which is 0.6 K above the T ord = 1.2 K. This confirms some sort of short range magnetic ordering above T ord . Furthermore, the magnetization shows a saturation behaviour for fields around 7 T. The magnetization reaches a value of 1.85 µ B /Ce, which is close to the free ion value of Ce 3+ (g J J = We have performed the crystal field analysis on the magnetic susceptibility data to estimate the crystal field split energy levels of the degenerate (2J +1) levels. The Ce atom in CeMg 12 occupies the 2a Wyckoff's position in the space group I4/mmm and hence possesses the tetragonal site symmetry 4/mmm. For the tetragonal site symmetry, the sixfold-degenerate levels of the J = 5/2 multiplet will split into three doublets. The crystal electric field Hamiltonian for the Ce-atom in tetragonal site symmetry is given by,
where B m l and O m l are the CEF parameters and the Stevens operators, respectively [5, 6] . The magnetic susceptibility including the molecular field contribution λ i , which represents the exchange interaction among Ce magnetic moments, is given by
The expression for the magnetic susceptibility based on the CEF model is given by the following expression [2] .
where g J is the Landé g -factor, E n and | n are the nth eigenvalue and eigenfunction, respectively. J i (i = x, y and z) is a component of the angular momentum, and ∆ m,n = E n − E m , Z = n e −βEn and β = 1/k B T . For calculating the magnetization we have used the following Hamiltonian which includes the Zeeman term and molecular field term,
where, 2 parameter in general determines if the system possesses an easy plane or easy axis anisotropy [7] . Since B 0 2 is positive in CeMg 12 it has an easy plane magnetization. The obtained energy levels are ∆ 1 = 30 K and ∆ 2 = 126 K. A detailed neutron diffraction study and the high temperature heat capacity measurements are necessary to clarify this estimated crystal field split level schemes.
Summary and Conclusion
We have successfully grown the single crystal of CeMg 12 by Bridgman method. The grown crystals were oriented along the crystallographic directions and their anisotropic physical properties have been investigated. Our heat capacity measurement shows that CeMg 12 orders magnetically at 1.2 K. From the specific heat capacity and magnetization measurements we speculate that there may be a short-range magnetic ordering. This remains to be investigated by microscopic measurements like neutron diffraction experiment. There is a large anisotropy in the magnetic susceptibility and the electrical resistivity. The Ce-atom in CeMg 12 exhibit usual trivalent behaviour. The magnetization value reaches 1.8 µ B /Ce in a field of 70 kOe. The crystal field analysis of the magnetic susceptibility data revealed that the 2J + 1 degenerate levels split into three doublets and the splitting energies were estimated to be 30 K and 126 K, corresponding to the first and the second excited states.
